Bacteria regulate the life histories of diverse eukaryotes, but relatively little is known about how eukaryotes interpret and respond to multiple bacterial cues 20 encountered simultaneously. To explore how a eukaryote might respond to a combination of bioactive molecules from multiple bacteria, we treated the choanoflagellate Salpingoeca rosetta with two sets of bacterial cues, one that induces mating and the other that induces multicellular development. We found that simultaneous exposure to both sets of cues enhanced multicellular development in 25 S. rosetta, eliciting both larger multicellular colonies and an increase in the number of colonies. Thus, rather than conveying conflicting sets of information, these distinct bacterial cues synergize to augment multicellular development. This study demonstrates how a eukaryote can integrate and modulate its response to cues from diverse bacteria, underscoring the potential impact of complex microbial 30 communities on eukaryotic life histories.
Introduction rosetta integrates information from seemingly unrelated bacterial cues during rosette development.
Results

Rosettes swarm in response to the EroSPv mating factor
In a culture containing S. rosetta and the prey bacterium Echinicola pacifica (together comprising a culture called SrEpac; (23, 24)), solitary cells proliferated rapidly, but underwent no other observable cell state transitions ( Fig. 1A) . When the 100 SrEpac culture was treated with the secreted bacterial chondroitinase EroS from P. vulgaris (EroSPv), S. rosetta cells formed mating swarms of 2-50 cells within 0.5 hours ( Fig. 1B, Table 1 ), as previously reported (18). In contrast, treatment of SrEpac with A. machipongonensis RIFs contained in outer membrane vesicles (RIF-OMVs) induced development of multicellular rosettes within 24 hours (Fig. 1C , D, 105 Table 1 ; (19, 22) ).
We then tested how mature rosettes (formed in response to pre-treatment with RIF-OMVs for 24 hours) would respond to the mating inducer EroS. After treatment with EroSPv for 0.5 hours, the pre-formed rosettes gathered into swarms that were quantifiable by their increase in area (median = 58.7 µm 2 , interquartile range = 110 21.6-98.0 µm 2 ) as compared to untreated rosettes (median = 35.5 µm 2 , interquartile range = 17.8-65.9 µm 2 ) ( Fig. 1D -F, Table 1 ). Therefore, rather than being mutually exclusive, the rosette morphology induced by RIF-OMVs and the swarming behavior induced by EroSPv are compatible. This indicates that cells in a life history stage induced by one bacterial cue (in this case RIF-OMVs) can respond to a second 115 bacterial cue (EroSPv). Swarms of choanoflagellate rosettes have not previously been reported, to our knowledge, and their ecological relevance is unknown.
The mating inducer EroSPv enhances rosette development We next investigated how single-celled S. rosetta in an SrEpac culture would 120 respond to simultaneous exposure to EroSPv and RIF-OMVs. SrEpac cultures treated solely with RIF-OMVs for 0.5 hours, considerably less time than that required for rosette development, did not produce swarms and were indistinguishable from untreated SrEpac cultures (Fig. S1A-C', Table 1 ; (18, 19) ). Moreover, when SrEpac cultures were treated simultaneously with EroSPv and RIF-OMVs for 0.5 hours, the 125 cells swarmed and the culture was indistinguishable from one treated with EroSPv alone (Fig. S1A , D-E', Table 1 ). Therefore, RIF-OMVs do not appear to influence the swarm-inducing activity of EroSPv over time scales of 0.5 hours or less.
In contrast, when SrEpac cultures were co-treated with RIF-OMVs and EroSPv for 24 hours (long enough for rosettes to develop), the percentage of cells in rosettes 130 increased markedly compared to cultures treated with RIF-OMVs alone ( Fig. 2A , Table 1 ). Thus, EroSPv enhances the rosette-inducing activity of RIF-OMVs. The enhancing activity of EroSPv derived, in part, from the increased sensitivity of the culture to RIF-OMVs, allowing for rosette development at RIF-OMV concentrations that would otherwise fail to elicit rosette development. For example, at a nearly 10 -6 135 dilution of RIF-OMVs, no rosettes were detected in the RIF-OMV alone condition, while 4.5±0.8% (mean ± S.D.) of the cells in cultures co-treated with EroSPv and RIF-OMVs were found in rosettes (see circle #1, Fig. 2A ). In addition, when cells were exposed to saturating concentrations of RIF-OMVs (dilutions ≥3.7×10 -4 ), cotreatment with EroSPv increased the percentage of cells in rosettes from a maximum 140 of 83.6±6.8% (mean ± S.D.) in cultures that were treated with RIF-OMVs alone to 92.6±0.3% (mean ± S.D.) in cultures co-treated with RIF-OMVs and EroSPv (see circle #2, Fig. 2A ).
Enhancement of rosette development by the mating factor EroS was unexpected, and we next sought to understand the phenomenon in greater detail. To that end, 145 we optimized a method for reproducibly inducing rosette development at low levels.
Treating SrEpac with a 1:20,000 dilution of RIF-OMVs drove only a small percentage of cells (1-20%) into rosettes ( Fig. 2A, Fig. S2A ) and thereafter formed the basis of a "sensitized rosette induction assay" in which we could quantify the influence of EroSPv. Under the conditions of the sensitized rosette induction assay, we found that 150 EroSPv enhanced rosette development in a concentration-dependent manner that saturated at 0.05 U/mL ( Fig. S2B ). Using this sensitized rosette induction assay across a time series, the rosette enhancing activity of EroSPv at the population level became more evident (Fig. S2C ). For example, while treatment of SrEpac with 1:20,000 RIF-OMVs yielded only 23.4±4.9% (mean ± S.D.) of cells in rosettes at 39-155 hours post-treatment, co-treatment with 1:20,000 RIF-OMVs and 0.05 U/mL EroSPv yielded 88.2±2.7% (mean ± S.D.) of cells in rosettes ( Fig. 2B ).
These data demonstrated that co-treatment with EroSPv increases the percentage of cells in rosettes at a population level but did not reveal whether EroSPv vulgaris EroS. Co-treatment with purified V. fischeri EroS (EroSVf) also significantly enhanced RIF-OMV-induced rosette development ( Fig. 3B) , revealing that the enhancing activity likely stems from the chondroitinase activity conserved between EroSVf and EroSPv rather than from a lineage-specific feature found only in EroSPv. 205
These findings show that simultaneous exposure to just two bacterial cues, RIFs and EroS, is sufficient to induce enhanced development of rosettes in S. rosetta.
Discussion
We have shown here that the choanoflagellate S. rosetta can sense and respond 210 to a mix of bacterial cues, each of which in isolation induces a seemingly disparate life history transition -mating or multicellularity. Together, these cues enhance multicellular development, increasing the number of cells in rosettes at a population level by increasing the proportion of rosettes to single cells and by increasing the number of cells per rosette ( Fig. 2 and 4) . 215
The S. rosetta targets for EroS and the sulfonolipid RIFs are as-yet unknown (18, 19), making it challenging to infer the specific mechanisms by which EroS might enhance rosette development. One possibility is that EroS may modify chondroitin sulfate proteoglycans through its chondroitinase activity, thereby improving access of RIF receptors to RIFs, potentially explaining the increased sensitivity of EroS-220 treated S. rosetta to RIF-OMVs ( Fig. 2A ). This type of mechanism would resemble the regulation of vascular endothelial growth factor receptor 2 (VEGFR2), whose activity is inhibited by N-glycosylation; enzymatic digestion of glycans on VEGFR2 enhances its response to the VEGF ligand (25).
In addition to increasing the sensitivity of S. rosetta to RIF-OMVs, EroS treatment 225 also resulted in rosettes that contained more cells (Fig. 2D) Taken together, the diversity and abundance of rosette-inducing and mating-245 inducing bacteria, and the potency of the molecules they produce, argue that RIFs and EroS could be simultaneously encountered by S. rosetta in nature. The synergy between these cues allows S. rosetta to sense and respond to significantly lower concentrations of rosette-inducing factors than it could otherwise ( Fig. 2A) , contributing to the plausibility that the enhanced rosette induction they elicit could 250 be ecologically relevant. molecules, or direct contact) can synergistically increase the disease burden for the host (such as by increasing antibiotic resistance or virulence factor expression) (34) . Eukaryotic integration of bacterial cues has also been observed in the 275 mammalian immune system, in which immune receptors such as Toll-like receptors, T cell receptors and co-receptors, each of which recognizes different bacterial ligands, synergize to enhance the response to multiple bacterial cues (35, 36) .
Our finding that isolated cues from diverse environmental bacteria can synergize to enhance rosette development in S. rosetta (Fig. 3 
Materials and Methods
290
Choanoflagellate culturing conditions Artificial seawater (ASW) was prepared by diluting 32.9 g Tropic Marin sea salts in 1L water for a salinity of 32-37 parts per thousand (24). Sea Water Complete media (SWC) was prepared by diluting 5 g/L peptone, 3 g/L yeast extract, and 3 mL/L glycerol in ASW (24). SrEpac (Salpingoeca rosetta co-cultured with the prey 295 bacterium Echinicola pacifica, ATCC PRA-390; (24)) was cultured in 5% Sea Water Complete media (5% SWC vol/vol in ASW) at 22ºC. Cultures were passaged daily, 1 mL into 9 mL fresh media in 25cm 2 cell culture flasks (Corning). Prior to rosette or swarm induction, cultures were diluted to 1×10 5 choanoflagellate cells/mL in 5% SWC and 100 µL volumes were aliquoted into a 96-well plate (Corning). 300
Preparation of A. machipongonensis conditioned media and isolation of RIF-OMVs
Outer membrane vesicles were isolated from A. machipongonensis as described in (22). Briefly, A. machipongonensis (ATCC BAA-2233, (28)) was grown in 500 mL 100% SWC, shaking at 30ºC for 48 hours. The bacteria were pelleted and the 305 supernatant was filtered through a 0.2 µm filter to produce conditioned media.
Conditioned media was then centrifuged at 36,000 × g for 3 hours at 4ºC (Type 45 Ti rotor, Beckman Coulter). OMV-containing pellets were resuspended in 2 mL ASW.
HPLC purification of RIFs 310
RIFs were purified by HPLC as described in (22) HPLC-purified RIFs were resuspended in DMSO and added at 10 µg/mL (Fig. 3A) .
Swarm induction
Unless otherwise noted, cultures were treated with 0.05 U/mL chondroitinase ABC 330 from P. vulgaris (Sigma), referred to as "EroSPv". EroS from V. fischeri (EroSVf; Fig.   3B ) was purified as described in (18). Briefly, V. fischeri ES114 (ATCC 700601) was grown in 8 L 100% SWC, shaking at 20ºC for 30 hours. The bacteria were pelleted and the supernatant was filtered through a 0.2 µm filter, concentrated to 120 mL using a using a tangential flow filtration device with a 30 kDa Centramate filter (Pall 335 #OS030T12), then ammonium sulfate precipitated and further separated by size exclusion chromatography. EroSVf was added to SrEpac cultures at a final dilution of 0.1%.
Rosette quantification 340
To quantify the percentage of cells in rosettes, cultures were fixed with 1% formaldehyde, vortexed, mounted on a Bright-Line hemacytometer (Hausser Scientific), and counted on a Leica DMI6000B inverted compound microscope.
Rosettes were defined as groups of four or more cells, and were distinguished from swarms based on their resistance to mechanical shear and their stereotypical 345 orientation with their basal poles pointed inwards and their flagella out (20, 23).
The numbers of solitary cells and rosettes, as well as the number of cells in each rosette, were counted until at least 200 cells were scored (per biological replicate).
Swarm quantification 350
Cell cluster areas were quantified as described in (18). Briefly, samples were imaged in 96-well glass-bottomed plates (Ibidi 89621) at 10× magnification using 
